The thermal denaturation of streptokinase from Streptococcus equisimilis (SK) together with that of a set of fragments encompassing each of its three domains has been investigated using differential scanning calorimetry (DSC). Analysis of the effects of pH, sample concentration and heating rates on the DSC thermograms has allowed us to find conditions where thermal unfolding occurs unequivocally under equilibrium. Under these conditions, pH 7.0 and a sample concentration of less than % 1.5 mgAEmL
The thermal denaturation of streptokinase from Streptococcus equisimilis (SK) together with that of a set of fragments encompassing each of its three domains has been investigated using differential scanning calorimetry (DSC). Analysis of the effects of pH, sample concentration and heating rates on the DSC thermograms has allowed us to find conditions where thermal unfolding occurs unequivocally under equilibrium. Under these conditions, pH 7.0 and a sample concentration of less than % 1.5 mgAEmL
, or pH 8.0, the heat capacity curves of intact SK can be quantitatively described by three independent two-state transitions, each of which compares well with the two-state transition observed for the corresponding isolated SK domain. The results indicate that each structural domain of SK behaves as a single cooperative unfolding unit under equilibrium conditions. At pH 7.0 and high sample concentration, or at pH 6.0 at any concentration investigated, the thermal unfolding of domain A was accompanied by the time-dependent formation of aggregates of SK. This produces a severe deformation of the DSC curves, which become concentration dependent and kinetically controlled, and thus precludes their proper analysis by standard deconvolution methods. A simple model involving timedependent, high-order aggregation may account for the observed effects. Limited-proteolysis experiments suggest that in the aggregates the N-terminal segment 1-63 and the whole of SK domain C are at least partially structured, while domain B is highly unstructured. Unfolding of domain A, under conditions where the N-terminal segment 1-63 has a high propensity for b sheet structure and a partially formed hydrophobic core, gives rise to rapid aggregation. It is likely that this region is able to act as a nucleus for the aggregation of the full-length protein.
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Streptokinase (SK) is a bacterial exoprotein from Streptococcus equisimilis consisting of a single chain of 414 amino acid residues [1] . SK and human plasminogen form an equimolar high-affinity complex that directly catalyzes the proteolytic conversion of plasminogen to plasmin [2] . The domain organization of SK has been delineated previously by a combination of limited proteolysis studies and biophysical methods [3, 4] and confirmed later in the crystal structure of the complex between SK and the catalytic domain of plasmin, also known as microplasmin [5] . SK consists of three well-defined domains (A, B and C) consecutive in the sequence, and an unstructured tail at the C-terminus [3, 5] . The three domains are folded similarly and the crystal structure shows few contacts between them [5] , consistent with the high flexibility of the isolated protein in solution [6] . SK domains play diverse and complementary roles in SK-plasminogen complex formation, in the generation of the proteolytic active site in the plasminogen moiety and in substrate plasminogen docking and processing by the activator complex [3, [7] [8] [9] [10] [11] [12] .
A variety of techniques, including DSC, CD and NMR, have been used previously to investigate the thermal unfolding and stability of intact SK and a number of fragments prepared either by limited proteolysis or recombinant methods [4, [13] [14] [15] [16] [17] [18] [19] [20] . The unfolding profiles of intact SK have been interpreted in the literature as consisting of one, two, three or even four independent transitions, depending on the experimental conditions and on the technique used. These results have led to significant discrepancies between different studies in the number of unfolding units present in the SK structure. Furthermore, under some experimental conditions the correspondence between the number of structural domains (three) and the number of unfolding transitions observed (up to four) remains unclear.
The aim of this work was to obtain new evidence that could serve to shed light on the interpretation of the thermal transitions of SK and their correspondence with its structural domains. We have investigated the thermal denaturation of SK and a set of fragments corresponding to isolated domains using DSC at several pH, scan rate and sample concentration values. The thermal denaturation profiles are reinterpreted in the light of new evidence obtained in the present work together with the results of previous studies. We demonstrate that under certain experimental conditions, where thermodynamic equilibrium is unequivocally established within the whole temperature range of the DSC experiments, the unfolding profiles of SK are quantitatively described by three independent two-state transitions. In contrast, under other conditions of pH and moderate-to-high sample concentrations, time-dependent, transient protein aggregation occurs during the thermal denaturation of intact SK and of the isolated A domain. The presence of these aggregation processes has a profound effect on the DSC curves and precludes their analysis by standard equilibrium deconvolution methods. The results presented here on the thermal denaturation of SK and its domains help to clarify inconsistencies existing in previous reports concerning the number of cooperative folding units in this multidomain protein. We have also carried out a preliminary characterization of the thermally induced aggregation of SK using a variety of techniques. The results provide us with some of the properties of these high molecular mass aggregates and help to delimit the regions of the SK sequence responsible for aggregation.
M A T E R I A L S A N D M E T H O D S

Protein sample preparation
Purified streptokinase from culture filtrates of S. equisimilis was supplied by SmithKline Beecham Pharmaceuticals (Gronau, Germany). The protein purity (assessed by SDS/ PAGE) was greater than 95%. SK fragments corresponding to the sequences 1-63 (SKA1), 147-287 (SKB), 288-380 (SKC) and 147-380 (SKBC) were obtained by proteolytic cleavage of the intact protein and purified to homogeneity as described elsewhere [3] . The recombinant Met-SK1-146 (SKA) fragment corresponding to SK domain A was cloned, overexpressed in Escherichia coli cells and purified as described previously [19] . All samples were stored frozen at )20°C. All chemicals used were of analytical grade.
Prior to the experiments, protein samples were extensively dialysed against the appropriate buffer at 4°C. Sample concentrations were determined by absorbance at 280 nm, using the following extinction coefficients (e 0.1% ), which were determined here as described by Gill & von Hippel [21] : intact SK, 0.72; SKA1, 0.84; SKA, 0.60; SKB, 0.62; SKC, 0.72; SKBC, 0.73. Freshly purified protein samples were confirmed as monomeric by gel-filtration chromatography.
Differential scanning calorimetry
Calorimetric experiments were made using a DASM4 instrument [22] . DSC scans were conducted between 0 and 110°C. Instrumental baselines, obtained by filling both calorimeter cells with the corresponding buffer, were systematically subtracted from the sample experimental thermograms. The reversibility of protein denaturation was assessed by comparing the thermograms obtained in two consecutive scans with the same sample. The occurrence of time-dependent denaturation processes accompanying the thermal unfolding was investigated by repeating the DSC experiment using different heating rates within the range 0.25-2.0°CAEmin )1 [23, 24] . DSC traces were corrected for the effect of the calorimeter response as reported elsewhere [25] . The temperature dependence of the molar partial heat capacity, C p , of the proteins was calculated from the DSC data as described elsewhere [26] , using a partial specific volume of 0.73 mLAEg
, which is the average value observed for globular proteins. For thermal unfolding occurring at equilibrium, the C p curves of single-domain fragments were fitted using the two-state model as described elsewhere [27] . In these analyses, the C p functions of the native states are assumed to be linear, whereas those of the unfolded states are described by quadratic functions; the latter were determined from the sequence of each SK fragment according to Makhatadze & Privalov [28] . For the multidomain proteins, the equilibrium C p curves were fitted to the sum of a number of two-state transitions. In these fittings the heat capacity change, DC p , for the unfolding of each domain was fixed by using the values obtained from the analysis of the C p curves of the corresponding single-domain, isolated fragment.
Gel-filtration chromatography
Aggregation of intact SK induced by heating at pH 7.0 was checked by gel-filtration chromatography, using a 1 · 30 cm Superose-12 column (Pharmacia, Uppsala, Sweden) attached to a Gilson HPLC instrument equipped with an automatic sample injector. The column was equilibrated at room temperature in 50 mM sodium phosphate, pH 7.0, and calibrated with gel-filtration standards from Biorad and Sigma. SK samples of 20 lL in 20 mM phosphate, pH 7.0, were incubated in Eppendorf tubes in a thermostatic bath at different temperatures for 10 min and immediately cooled on ice. The samples were then injected into the column and eluted at a flow rate of 0.8 mLAEmin . Elution profiles were recorded by monitoring absorbance at 220 and 280 nm. Peak areas and elution times were determined by using the manufacturer's software.
Limited proteolysis
The structural properties of heat-induced SK aggregates were probed by limited proteolysis. A 10 mgAEmL )1 sample of intact SK in 20 mM phosphate, pH 7.0, was heated to 65°C for 10 min to induce aggregation (see Results) and then cooled on ice. The sample was immediately submitted to proteolysis with a-chymotrypsin (10 lgAEmL ) at 23°C. Aliquots were removed at different times, 20 mM phenylmethanesulfonyl fluoride added to stop the proteolysis, and then analysed by SDS/PAGE. The time-course of proteolysis of an identical unheated SK sample was also followed as a reference. An aliquot obtained after 10 min of proteolysis of the heated SK sample was analysed by RP-HPLC using a C 18 Dynamax-300 column as described elsewhere [3] . The samples corresponding to the major peaks in the HPLC chromatograms were separated and analysed by SDS/PAGE and electrospray ionization mass spectrometry (ESI-MS). ESI-MS spectra were acquired on a BioA triple quadrupole atmospheric pressure mass spectrometer from VG Biotech, equipped with an electrospray interface. . Near-UV spectra of the 1-63 SK fragment were also recorded at pH 4.5 between 250 and 320 nm, using a sample concentration of 1.0 mgAEmL )1 and a cuvette with a path length of 0.5 cm. Fluorescence spectra of 8-anilino-1-naphthalenesulfonic acid (ANS) both in the presence and absence of the SKA1 fragment were measured at 20°C in a PerkinElmer LS-50 spectrofluorimeter. The excitation wavelength was 380 nm and spectra were recorded between 400 and 600 nm. The concentrations of ANS and the SK fragment in the cuvette were 10 lM. Fluorescence spectra were corrected using the spectra obtained for solutions in the absence of dye or protein.
R E S U L T S
Thermal unfolding of SK under equilibrium
The thermal denaturation of intact SK and a set of SK fragments including either one or two SK domains was followed by DSC at pH 7.0 in 20 mM sodium phosphate buffer. Experiments at pH 6.0 and pH 8.0 were also carried out for intact SK and some of the fragments. The effects of sample concentration were also investigated.
The concentration of all the samples was initially kept to % 1 mgAEmL . Figure 1 shows the C p curves corresponding to intact SK, each of the isolated SK domains (SKA, SKB and SKC) and a fragment consisting of SK domains B and C (SKBC) at pH 7.0. The data for SKA at pH 7.0 and 0.88 mgAEmL )1 have been taken from Azuaga et al. [19] . Fragments SKA, SKB and SKC show single unfolding transitions with high reversibility and no evidence of protein aggregation, even after heating to high-temperature. This indicates that the thermal unfolding of all the isolated SK domains at pH 7.0 occurs essentially at equilibrium. Fragment SKBC unfolds in two reversible transitions, corresponding to the consecutive unfolding of domain B and C, as described elsewhere [4] . At this low protein concentration (0.94 mgAEmL ) investigated. On the other hand, at pH 8.0 the thermal unfolding of both intact SK and SKA is fully reversible at all concentrations used in this study (1.0-10 mgAEmL )1 for SK and 0.9-5.5 mgAEmL
for SKA). The DSC curves of each protein moiety for which thermodynamic equilibrium conditions are unequivocally verified (those measured at pH 8.0 or pH 7.0 and low sample concentrations) have been fitted assuming that each protein domain unfolds independently in a two-state transition. In the fits of the DSC curves of multidomain moieties [intact SK (three domains) and SKBC (two domains)], the heat capacity increment, DC p , for the independent unfolding of each domain has been fixed by using the values obtained from the fits corresponding to single-domain fragments. All the fits are good, as can be seen for pH 7.0 in Fig. 1 . Figure 2 shows the deconvolution of the heat capacity curves for intact SK at pH 7.0 and pH 8.0 into three independent two-state transitions, which can easily be identified as corresponding to each SK domain. The parameters obtained from these fits are listed (see text). Open circles represent the experimental data. Lines correspond to the best fittings using equilibrium models of single or multiple two-state transitions (see text for details).
in Table 1 . These results indicate that during the equilibrium unfolding of SK, each domain behaves as a single cooperative unit, regardless of whether it is isolated or linked to other domains.
The effect of protein concentration and scan rate on the DSC curves At pH 7.0 and sample concentrations higher than % 1.5 mgAEmL
, the DSC curves of intact SK show a clear concentration effect (Fig. 3B) ; the second peak observed at low concentration, which corresponds to the sum of the equilibrium unfolding transitions of domains A and C, splits into two well-separated peaks as the sample concentration increases. This effect is even more pronounced at pH 6.0 (Fig. 3C) , where protein precipitates are also visually evident after heating in the DSC cell. At pH 7.0, on the other hand, the samples remain transparent during the heating although soluble, high molecular mass aggregates are formed (see below). At pH 8.0 the DSC curves are independent of protein concentration (Fig. 3A) showing that aggregation does not occur at concentrations below 10 mgAEmL (Fig. 4B ), only the peak corresponding to the unfolding of domain B is highly reproducible in a consecutive scan. Moreover, heating the sample to higher temperatures results in a major loss of area for the transitions in a further scan. At pH 6.0 the irreversibility is even more pronounced (Fig. 4D) . These results indicate that irreversible denaturation processes concomitant with the thermal unfolding of SK occur at pH 7.0 and high sample concentrations and at pH 6.0 at all concentrations.
The effect of the temperature scan rate on the DSC curves of SK at pH 7.0 and 3.4 mgAEmL )1 has also been investigated to check whether the irreversible processes result in a kinetic control of the DSC traces [23, 24] (Fig. 5) . The unfolding transition corresponding to domain B is not affected by the scan rate, indicating that it occurs under equilibrium conditions. On the other hand, there is a significant effect Table 1 . Thermodynamic parameters for the independent thermal unfolding of the three SK domains observed by DSC. DC p values marked with (f) were fixed in the fitting and correspond to the values obtained for the isolated domains. The uncertainties of the parameters correspond to the standard errors obtained in the fittings. Reproducibility of T m and DH values in different experiments was better than 0.5°C and 10 kJ mol of scan rate for the rest of the DSC curves. A decrease in the scan rate shifts the second peak towards lower temperatures together with a reduction in its area. The scan rate also affects the high-temperature transition.
These results indicate that time-dependent aggregation processes are involved in the thermal denaturation of SK at pH 7.0 and sample concentrations higher than % 1.5 mgAEmL
, and at pH 6.0 at all concentrations studied. This results in considerable modification of the shape of the DSC curves, which become kinetically controlled and therefore impossible to analyse on thermodynamic grounds alone. The most pronounced effects are observed at temperatures at which domain A unfolds suggesting a particularly significant role for this domain in the overall aggregation of SK.
Thermal denaturation of isolated SK domain A
A marked concentration effect on the DSC curves was also found for SKA at pH 7.0 (Fig. 6) . At sample concentrations equal to or higher than 2 mgAEmL , the DSC traces show two well-resolved peaks. The increase of sample concentration shifts the first peak towards lower temperatures. This peak also becomes narrower and has a smaller area than the single two-state unfolding transition observed at a concentration of 0.88 mgAEmL
. The partial development of denaturation heat suggests the formation of partially unfolded forms. The first peak is essentially irreversible in a second consecutive scan (result not shown). A second transition at a higher temperature (about 75°C) appears approximately to complete the total heat of unfolding. Similarly to intact SK, the solution remains clear after heating. Although the DSC curves are much simpler than for intact SK, the concentration effects are very similar under the same conditions. Therefore an aggregation process similar to that found for intact SK appears to occur with the isolated A domain. This result indicates that the aggregation tendency observed for intact SK resides at least in part within domain A.
The high-temperature transition occurring at high sample concentrations is partially reversible for both SKA and intact SK. In a previous paper, we analysed the thermal unfolding of SK by one-dimensional NMR under the same conditions studied here and at high sample concentrations [4] . We found that at temperatures near to 65°C the NMR signals became very broad and further heating at 85°C produced a sharpening of the NMR signals, the spectrum becoming similar to that expected for an unfolded polypeptide chain. This line broadening of the NMR signals can now be attributed to the aggregation processes that we have seen here. These observations suggest that the hightemperature transition at around 75-80°C observed for SK, and in all probability for SKA, corresponds to the unfolding and dissociation of protein aggregates, leading finally to the fully unfolded state.
A simple model for transient, kinetically controlled aggregation
A simple model can explain the effect of concentration on the DSC curves of SKA. The thermal unfolding of fragment SKA at low concentrations is very well described by a twostate transition, without the presence of intermediates with a significant population. Therefore, the monomeric states in equilibrium at low concentration are the native, N, and the unfolded, U.
It can be assumed that the unfolded state, U, forms n-order aggregates, A n .
The aggregation process is considered to be reversible because state A n can dissociate and unfold at high temperatures. Nevertheless, association and dissociation can be slow at certain temperatures and therefore kinetically controlled. Constants k 1 and k 2 are the association and dissociation rate constants, respectively, related by the equilibrium constant of the aggregation process, K A . Thus, aggregation will be detected only for large k 1 values and high concentrations of the state that undergoes aggregation.
The equations of this simple model have been included in the Appendix. The heat capacity curves, C p , can be predicted from these equations using the following set of parameters: a linear heat capacity function for the native state, C p (N); the enthalpies and the heat capacities of the unfolded state, DH U and DC pU , and of the aggregate, DH A and DC pA , all them relative to the native state, expressed per mol of monomer at a given reference temperature, T 0 ; the temperature at which the Gibbs energy of unfolding is zero, T m ; the activation enthalpy for the aggregation process, DH 6 ¼ 1 ; the values of k 1 and K A at T 0 ; and finally the aggregation order, n. It should be pointed out that according to these equations, the DSC curves will depend on both total protein concentration and scan rate, as seen in our experimental data.
Using this model we carried out the simultaneous fitting of the DSC profiles obtained for SKA at pH 7.0 and different sample concentrations, using only the DSC data corresponding to the first of the two transitions present in the curves at high sample concentrations. To reduce the number of fitting parameters, T m , DH U and DC pU were fixed in the fits using the values in Table 1 for SKA at pH 7.0. In addition, for the sake of simplicity the relative heat capacity function of the aggregate, DC p,A , and the activation enthalpy for the aggregation process, DH 6 ¼ 1 , were fixed to zero. The last assumption implies a temperatureindependent k 1 , which is a reasonable approximation considering the narrow temperature interval in which association is taking place. With these approximations, the number of adjustable parameters is reduced to five, which is a reasonable number taking into account that a single two-state transition also requires five parameters to be correctly described. The aggregation order, n, has been modified in different fitting attempts starting from n ¼ 2 to n ¼ 10. Higher values of n were not used due to numerical problems in the computer fitting procedure. The fit for n ¼ 8 is represented in Fig. 6 together with the experimental curves. Despite the large number of simplifications, the model is consistent with the effect of concentration on the shape and T m of the first transition occurring at % 50°C. Good descriptions of the DSC curves are obtained when the n values are higher than 6. The parameters obtained from these fits are listed in Table 2 .
Fitting the DSC curves including the second transition at high sample concentrations gives poor results. The model predicts the second transition to be much sharper (more cooperative) than it proved experimentally. This discrepancy may be due to the fact that our model assumes a single two-state process for the association-dissociation reaction, whereas this process is very likely to be much more complicated, probably including many heterogeneous association/dissociation steps. Nevertheless, the general features of the experimental DSC curves are satisfactorily represented by the model in spite of its simplicity and the number of approximations considered in the analysis.
Detection of temperature-induced SK aggregation by gel-filtration chromatography
With the aim of identifying the nature of the irreversible processes occurring during the thermal denaturation of SK, several aliquots of protein in 20 mM phosphate, pH 7.0, at different concentrations of between 0.05 and 18.5 mgAEmL
were incubated at 90°C for 10 min and immediately cooled on ice. This procedure was based on the supposition that the association-dissociation equilibrium becomes effectively frozen at low temperatures. To estimate the percentage of aggregated protein the samples were subsequently analysed by gel-filtration chromatography at room temperature (Fig. 7A) . At concentrations lower than 2.0 mgAEmL )1 , the elution profiles consist of a single peak corresponding to the native protein. At higher sample concentrations, however, an additional peak appears at the exclusion volume of the column, which for the Superose 12 column corresponds to aggregates of at least 40 molecules of SK. No peaks of intermediate mass were detected. The percentage of protein in the aggregated form increased with sample concentration, reaching nearly 100% at the highest concentration investigated.
Another set of SK samples of 9.9 mgAEmL )1 in 20 mM phosphate, pH 7.0, were incubated for 10 min at different temperatures and immediately cooled on ice. For SK samples incubated at temperatures below 45°C, no aggregation was detected. At higher temperatures, the percentage of protein in the aggregated form increased (Fig. 7B) , reaching a maximum at between 55 and 70°C, where up to 90% of the protein was aggregated. At higher incubation temperatures the percentage of protein in the aggregate decreased and was only about 42% at 100°C. This is consistent with the proposal that the aggregates unfold and dissociate at high temperatures. Nevertheless, during this procedure, in which samples are cooled from 100 to 0°C, some additional aggregation of SK cannot be avoided unless the cooling is extremely fast. These results allow us to identify the irreversible process induced by high temperatures with the formation of high molecular mass aggregates of SK. The maximum degree of aggregation occurs at high sample concentrations and at temperatures where domain A unfolds, and decreases at higher temperatures.
Limited proteolysis of the SK aggregates
Limited proteolysis with a-chymotrypsin was used to characterize the heat-induced aggregates of intact SK. Figure 8 shows SDS/PAGE gels monitoring the course of proteolysis of a 10 mgAEmL )1 SK sample in 20 mM phosphate, pH 7.0, which was heated to 65°C for 10 min and then cooled on ice. The proteolytic behaviour of an unheated identical sample is also shown for comparison.
During the course of chymotryptic proteolysis of native SK, several fragments accumulated as reported elsewhere [3] . The pattern of proteolysis of the aggregated SK sample was, however, dramatically different. Despite forming high molecular mass aggregates, its sensitivity to proteolysis was much higher than that of native monomeric SK. Furthermore, the SK chain was cleaved much more heterogeneously. This indicates that the accessibility of the chain to proteolytic attack and therefore its structural disorder is higher than in the native protein. In contrast to native SK, the 16 kDa fragment, corresponding to domain B, is not resistant to proteolysis, meaning that this domain is unstructured in the SK aggregates.
The two most highly populated fragments were generated very quickly, within 2 min of proteolysis, corresponding to molecular masses of approximately 7 and 12 kDa, and remained in the proteolytic mixture for up to 60 min. This suggests that both fragments might be involved in stable structures in the protein aggregates. ESI-MS analysis of these fragments revealed a mass of 6765.6 ± 0.2 Da for the 7 kDa fragment, whereas the 12 kDa fragment is in fact a mixture of two fragments with masses of 12 265. masses, together with the sequence specificity of chymotrypsin, allowed us to identify the sequences of the three fragments as: 1-63 (defined previously as fragment SKA1), 276-380 and 275-380, respectively. A sample of aggregated SK was subjected to proteolysis for 10 min as described above, filtered and then analysed by gel-filtration chromatography. Aliquots were collected and analysed by SDS/PAGE. It was observed that the fragments 1-63 and 275(6))380 migrated together in the chromatograms (results not shown), indicating that these two fragments interact in the proteolysed mixture.
Structural characterization of SK fragment 1-63
Isolated SK fragment 1-63 (SKA1) was structurally characterized in solution using a variety of techniques. Far-UV CD spectra of SKA1 were obtained at a series of pH values between 2.0 and 8.0 (Fig. 9A) . The shape of the CD spectra was strongly dependent on pH, changing from a typical b sheet spectrum at pH 4.0 and 5.0 to the characteristic random-coil spectrum at both pH 2.0 and pH 8.0. The near-UV spectrum of SKA1 at pH 4.5, 10 mM acetate buffer and a sample concentration of 1.0 mgAEmL
, however, shows very little ellipticity in the 320-250 nm wavelength range (results not shown), suggesting that the fragment has only a small amount of fixed tertiary structure even when it contains a large amount of secondary structure.
In the light of this latter observation, we investigated the interaction between the SKA1 fragment and the hydrophobic dye ANS. ANS has a strong tendency to interact with hydrophobic clusters exposed to the solvent, resulting in a strong enhancement in the fluorescence of the dye and a blue shift of the wavelength of the maximum, k max , of the fluorescence spectrum. ANS has been frequently used to monitor conformational changes and to characterize partially folded states in proteins [29] [30] [31] . Figure 9B shows the fluorescence spectrum of a 10 lM solution of ANS in the presence and absence of 10 lM of SKA1, at pH 7.0 and 4.4. The presence of the fragment produces a large increase in the intensity of ANS fluorescence, which is higher at pH 4.4 than at pH 7.0. k max also changes in the presence of SKA1, with shifts of up to )50 nm compared to free ANS (see inset in Fig. 9B ). The maximum shift occurred at around pH 5, the pH at which the fragment has the greatest amount of sheet b structure.
These results indicate that under mildly acid conditions SKA1 has a significant amount of b sheet structure, a partially exposed hydrophobic core but little or no fixed tertiary structure. These features are characteristic of the compact denatured states often known as molten globules.
D I S C U S S I O N
In this paper we have described how the thermal denaturation of SK is highly affected by pH and sample concentration. The most significant effect is the occurrence of highorder aggregation processes accompanying the unfolding of the protein, which are enhanced by lowering the pH or increasing the sample concentration. The presence of aggregation has a significant effect on the shape of the DSC curves, which become both concentration dependent and kinetically controlled. The primary consequence of these effects is the unsuitabilility of using standard, thermodynamics-based deconvolution methods to analyse the curves.
At pH 7.0 and a sample concentration of less than % 1.5 mgAEmL
, the thermal unfolding of SK occurs unequivocally under equilibrium conditions. This conclusion is also valid for pH 8.0 and sample concentrations between 1.0 and 10 mgAEmL . The DSC curves obtained for SK under these conditions are accurately described by the sum of three two-state transitions, indicating that SK contains three independent cooperative folding units. This finding agrees with our previous studies [3, 4, 19] and with the number of structural domains observed in the crystal structure of SK complexed with microplasmin [5] .
Previous reports on studies into the thermal unfolding of SK made by several authors using different techniques reveal significant discrepancies in their account of the number of unfolding units involved [4, [13] [14] [15] [16] [17] [18] [19] [20] . One of the reasons for this disagreement might arise from the fact that in some of these studies the number of independent unfolding transitions of intact SK has been inferred by standard deconvolution methods of the complex DSC curves, without recourse to any additional information external to these curves. Direct deconvolution can sometimes suffer from uncertainties in the chemical baseline corrections to the thermograms, which may bias the resulting number of unfolding transitions. We have shown here that the use of changes in the heat capacity of unfolding determined independently for the isolated domains allows this difficulty to be circumvented without having to resort to chemical baseline corrections. Using this procedure, the complex DSC profiles of SK can be perfectly explained in terms of three independent transitions. Additionally, under some of the experimental conditions used in previous studies, aggregation processes, such as those shown here, may severely deform the DSC curves, which if unnoticed could lead to misleading results when deconvolution procedures are applied.
The ), consistent with their high structural homology, and fall within the range of values observed for small globular proteins [32] . In contrast, the specific DC p for the unfolding of domain C is very low (about 0.06 JAEK
). This value, together with the low unfolding enthalpy of the domain, is consistent with its lower degree of structure [5] .
Under the same equilibrium conditions, the values of T m and DH m for either of the isolated domains B and C agree well with the values obtained when these domains form part of larger protein moieties. These values also agree well with those already published derived from studies of their thermal unfolding followed by CD and NMR [4] . Thus, the stabilities of domains B and C are not significantly affected by their detachment from the remainder of the protein. Domain A, on the other hand, is destabilized by 9-10°C when excised from the rest of the chain. Visual inspection of the crystal structure of SK [5] indicates that there are significant contacts between domains A and B. It is surprising that removal of these interactions does not affect the stability of domain B. Nevertheless, interdomain contacts may be conditioned by the complex formation with microplasmin in the crystal structure. An alternative explanation could be that some interactions internal to domain A are affected by chain excision. Domain C is, in constrast, relatively isolated from the rest of the SK structure and the linker with domain B appears to be very flexible.
An increase in pH from 7.0 to 8.0 does not affect the stability of either domain B or C; only domain A shows a clear reduction of its T m when the pH is raised from 7.0 to 8.0. This dependence of the stability upon pH suggests that unfolding is coupled to the change in ionization of the His140 sidechain, which in the crystal structure forms a clear double salt bridge with the Asp32 and Asp106 sidechains within domain A [5] , although we cannot exclude the participation of other ionisable groups.
On the other hand, the results described here demonstrate that under certain experimental conditions, i.e. pH 7.0 and sample concentrations higher than a few mg per mL, or pH 6.0 at all the concentrations investigated, the thermal unfolding of SK domain A, either isolated or when part of the intact protein, is accompanied by formation of high molecular mass aggregates. Further heating, however, produces dissociation and unfolding of these aggregates, which result in a cooperative transition in the DSC curves.
A very simple model reproduces well the effects that the kinetically controlled aggregation process exert over the unfolding transition of SK domain A. The enthalpy of the aggregate per mol of monomer unit (177 kJAEmol ), indicating that the aggregate contains a significant degree of structure. This conclusion is consistent with the development of an additional cooperative transition accompanying the dissociation of the aggregates, and suggests that at least some of the structure within the aggregates could be specific. The aggregation process at pH 7.0 is slow enough at the intermediate temperatures where it occurs to lead to the kinetic control of the DSC curves. We have described a similar slow association process for a thermolysin fragment in a previous paper [33] .
Different values for the aggregation order, n, in our model give good fits for the first transition of the DSC curves of SKA. This finding could be interpreted in principle as an indication of the insensitivity of this model to the value of n, although it could also suggest that the aggregation process is more heterogeneous and complex than represented by this simple model. In spite of this, the thermodynamic parameters of the aggregated state, when expressed per mol of monomer, are essentially independent of the aggregation order (See Table 2 ). It is interesting to note that at 50°C, close to the unfolding temperature of domain A, aggregation is highly favoured, as the Gibbs energy change of the aggregation process is about )26 kJ per mol of monomer.
The gel filtration study indicates that the SK aggregates at room temperature consist of at least 40 molecules. As mentioned in the Results, we could not test high values of n in our fittings of the DSC curves due to numerical problems. We should bear in mind, however, that the value of n in the model actually represents an apparent average of the molecularity of the rate-limiting step of aggregation, which, depending on the specific aggregation mechanism, could be markedly different from the size of the final aggregates that are formed after cooling.
The most significant resistance of the SK aggregates to limited proteolysis is located in two separate sequence regions: segment 1-63, within domain A, and segment 275(6))380, which corresponds principally to domain C (residues 292-380). As the isolated A domain also undergoes an aggregation process similar to that of intact SK, it is very likely that the region that principally stabilizes the aggregated state resides within the segment 1-63. We cannot exclude, however, the participation of domain C in these interactions because domain C and fragment 1-63 migrate together in the gel-filtration chromatography of a proteolysed sample of aggregated SK. Nevertheless, the presence of domain C is not necessary for aggregation, while region 1-63 of domain A is both necessary and sufficient.
It is interesting that the two 12 kDa fragments that accumulate during proteolysis of the aggregate encompass the whole of domain C (starting at Leu292) plus an additional segment [274(5))292], which includes the linker between domains B and C and extends into the domain B structure in native SK. Indeed, proteolytic cleavages occur at positions Tyr274-Tyr275 and Tyr275-Val276, instead of at position Phe287-Asp288, in the flexible linker between domains B and C, as it is the case in native SK. Tyr274 and Tyr275 are located in the middle of a b sheet within domain B in the crystal structure of SK [5] . It appears then that domain B is not correctly folded in the aggregates because part of its sequence is involved in interactions associated with the formation of the aggregate.
At mildly acidic pH, the fragment SKA1 in isolation can adopt a conformation rich in b sheet, containing a hydrophobic patch that can interact with ANS. This conformation is destabilized by an increase in pH, and SKA1 is fully unfolded at pH 8.0. This structural change correlates with the pH dependence of the aggregation of both SK and SKA, the extent of which is reduced by an increase in pH from 6.0 to 8.0. This result suggests that unfolding of domain A under experimental conditions stabilizing the b sheet rich conformation of segment 1-63 and its hydrophobic cluster produces SK species prone to high order aggregation. This is highly consistent with the general conclusion that protein aggregation is promoted by an increased propensity of b sheet structures that dominate stable intermolecular interactions [34] .
C O N C L U S I O N S
When the thermal denaturation of SK occurs unequivocally under equilibrium conditions (in this work pH 7.0 and low protein concentration, or pH 8.0) an analysis of the DSC profiles in conjunction with those of the isolated domains shows that this protein consists of three independent unfolding units, each of which corresponds to one of its three structural domains.
At pH 6.0 or at pH 7.0 with high sample concentrations, the thermal unfolding of SK domain A, either in isolation or when forming part of intact SK, is accompanied by the formation of high molecular mass aggregates. This association is reversible at pH 7.0 but at low and intermediate temperatures the equilibrium slows down, severely deforming the unfolding profiles and rendering them kinetically controlled, which precludes their simple interpretation by equilibrium models.
The SK aggregates are largely unstructured but remain resistant to proteolysis in specific sequences of the protein chain 274 (75))380]. Of these, the N-terminal region 1-63 is both necessary and sufficient for the formation of aggregates and appears to be the nucleus of aggregation. As well as shedding light on the specific events associated with the aggregation of SK, this study provides insight into the nature of protein aggregation more generally. In particular it supports real evidence for the specificity of the aggregation process, and for the role of nucleation events in this mechanism.
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A P P E N D I X
We present here the mathematical development of the model introduced in Results.
The equilibrium between N and U can be treated separately by defining the following partition function:
where K U is the equilibrium constant of unfolding and DG U is the change in the standard Gibbs energy of unfolding. The fractions of N and U, relative to the total concentration of monomeric species, are given by:
The fraction of protein monomers in each state relative to the total concentration of protein monomers, C 0 , is defined as:
Taking into account that the total concentration of protein is C 0 ¼ [N] + [U] + n[A n ], we can relate the fractions, y i and x i by
where i stands for either N or U. We can define the average enthalpy of the monomeric species, relative to N by:
where DH U is the enthalpy change of unfolding. The average enthalpy of the whole system is:
where DH A is the enthalpy of the aggregate relative to N, expressed per mol of monomer. Differentiating this expression with respect to temperature provides the heat capacity relative to N, also known as the excess heat capacity. The addition of the heat capacity of the native state, C p (N), gives the total heat capacity of the protein:
Here C p (N) + C p,m is the heat capacity curve that would be observed in the absence of aggregation, i.e. at pH 7.0 and low protein concentrations. C p,m can be easily obtained by differentiating Eqn (5) with respect to temperature.
For the purpose of these equations DC p,U , DC p,A , DH U and DH A are taken to be in general functions of temperature.
The rate of formation of the aggregate can be expressed as:
Taking into account the constant scan rate, v ¼ dT/dt, in a DSC experiment:
